We conducted three-dimensional travel time tomography in and around the source region of the 1984 Western Nagano Prefecture Earthquake to investigate the generation process of the mainshock and swarm activity near the source. As many as about 250,000 travel time data of good quality (1 ms error) from a dense network were compiled and we obtained hypocentral distribution and three-dimensional P wave velocity structure with high accuracy and resolution. Most of the estimated hypocenters were aligned in lines or planes, not in the form of masses. We found the hypocenter distribution corresponding to the mainshock fault plane, and it was sandwiched by high-velocity regions on both horizontal sides. A low-velocity region spreading horizontally at the bottom of this hypocenter alignment was also seen. In the northeastern side of the mainshock fault, where there is swarm activity, we detected several other alignments of hypocenters, most of which may be located at the boundaries of geological strata. A low-velocity region was also found at the bottom of some of these alignments. This low-velocity region may be due to fluids from below the seismogenic zone. The generation of both the mainshock and the swarm activity might be related to fluid intrusions from the lower side of the hypocenter alignments.
Introduction
The 1984 Western Nagano Prefecture Earthquake (Mj 6.8) occurred about 10 km southeast of Mt. Ontake, an active volcano in central Japan, on September 14, 1984, and caused huge damage, including landslides. The earthquake fault estimated is right lateral 1) , trending ENE-WSW. Ooida et al. [1989] 2) pointed out high seismic activity in the hypocentral region of this earthquake even before the mainshock (at least from May, 1978, when Mt. Ontake erupted). We can see not only seismic activity distributed along the mainshock fault plane, but swarm-like activity can also be seen in the eastern parts of the source region.
The dense seismic observation 3) is conducted in and around the source region of the 1984 Western Nagano Earthquake. The data from this observation enable us to estimate more precise hypocenter locations and more detailed velocity structures than before. In this study, we estimate a detailed three-dimensional velocity structure with a resolution~1 km and discuss the relationship of the hypocenter distribution and fluids to elucidate the generation process of earthquakes.
Data
A dense earthquake observation is conducted from 1995 to the present in and around the source region of the 1984 Western Nagano Prefecture Earthquake 3) . This observation network has 57 stations, shown by green squares in Figure 1 , which are settled on hard rock with plaster so that artificial noise is very small. The station spacing is 1-4 km, covering the source regions of the mainshock and swarm activity. Waveforms are recorded with 10 kHz sampling and 16-bit resolution on high-and low-gain channels. The clocks are corrected by GPS every two hours, and the error in the accuracy of the absolute time is less than 1 ms. There is no semi-stationary seismic network with high density and sampling in the world such as this one.
We used 14,226 hypocenters from October 1995 to February 2005, indicated by solid circles in Figure 2 . We used 250,212 P wave and 209,656 S wave travel times from these events, which had more than ten travel times of both P and S waves. All P and S wave arrival times were manually picked. Transverse components were used for S wave picking to reduce the effect of converted waves such as sP phases. The accuracy of P and S arrival times are~1 and~30 ms, respectively. Such a high accuracy level could be achieved because of the high sampling rate of 10 kHz and an adequate S/N ratio.
Method
This study uses the following three steps to obtain three-dimensional velocity structures. First, we determined the initial hypocenter locations and times with a fixed initial velocity structure. We used the velocity model of Hirahara et al. [1992] 4) as the initial structure, which employed approximately 7000 picks from the aftershock observation data to conduct travel time tomography. For the next step, we conducted one-dimensional inversion by compiling the hypocenter information obtained in the first step and estimated the one-dimensional velocity profiles and station corrections. Finally, we performed three-dimensional seismic tomography to obtain three-dimensional velocity perturbations and recalculated station corrections. These three steps yielded more precise hypocenter locations and velocity structure than those obtained by directly putting the data into three-dimensional tomography 5) . We repeated every step four times to obtain the final model. We referred only to the P wave velocity structure, considering the magnitudes of the errors in picking.
In the ray calculation, the pseudo-bending method 6) was used: the initial path is perturbed by a geometric interpretation of the ray equations, and the travel time along the path is minimized in a piecewise fashion. The estimated error in this method is about 1 ms. In the matrix calculation, we used the LSQR method 7) . Figure 1 shows the lateral grid locations used for the three-dimensional inversion. We set the X, Y, and Z axes as the strike direction of the mainshock (N70 E 1) ), the perpendicular, and depth directions, respectively.
To check the resolutions of the obtained model, we conducted a checkerboard test 8) . We made synthetic travel time data by adding 5% velocity perturbations to the initial velocity model and random noise.
Results (1) Features of hypocenter distribution
Most hypocenters are determined in lines or planes, not in the form of masses, even in the swarm activity region.
We found the 5 km long, near-vertical hypocenter distribution near the mainshock fault plane 1) , i.e., 4 < Y < 6 [shown by arrows A in Figure 2 (2), (3)] at depths of 2-6 km. At the bottom of these alignments, hypocenter distributions perpendicular to these are detected with south dipping, shown by arrows B in Figure 2(3) , to a depth of 8 km.
In the eastern part of these hypocenter distributions, where swarm activities are observed, we found hypocenter alignments with the northeastern dips (30-60 degrees) which were split into several parallel planes [shown by arrows C1 and C2 in Figure 2(4) ]. These alignments were 5-10 km long.
(2) Features of the three-dimensional velocity structure
We detected two low-velocity regions on the northern side of the mainshock fault at a depth of 2 km, shown in Figure 2 (1) as L1 and L2. The eastern region, L1, at a depth of 1 km to 6 km, is connected to the northeastern side at depths of 6 km. The western one, L2, was imaged sharply at depths of 2-3 km. A low-velocity region L2' was spreading at a depth of 6 km in the west of the swarm region [ Figure 2(2) ].
On the other hand, several high-velocity regions were found in the analysis area. High-velocity region H1 is located at depths of 2-6 km, separating the low-velocity regions L1 and L2 [ Figure 2 (1), (2)]. As can be seen from Figure 2(4) , H1 includes the two northwestern-dipping high-velocity layers H1a and H1b, which are found in the swarm activity region. We could find two high-velocity regions H2 and H3 at depths of 3-4 km near the mainshock fault [ Figure 2(3) ].
Hypocenters are mainly distributed outside the main low-velocity regions L1 and L2. Hypocenter distribution A was located in a narrow, relatively low-velocity zone sandwiched by two high-velocity regions H2 and H3 on either horizontal sides, while hypocenter distribution B was located in or on the top of the low-velocity regions [ Figure 2(3) ]. High-velocity layers H1a and H1b have a dip parallel to hypocenter alignments C1 and C2, and low-velocity patches are found along C1, between these high-velocity layers. We found a low-velocity region, the lower end of L1, at the bottoms of C1 and C2.
Discussion (1) The fault plane of the mainshock
We detected near-vertical hypocenter alignment A near the hypocenter of the 1984 Western Nagano Earthquake. We think that this alignment corresponds to the mainshock fault plane because it shows a dip and strike similar to the mainshock focal mechanism. This alignment also has a similar strike and dip, compared to the fault plane 1) , but was located at a distance of 1-2 km in the -Y direction, as shown in Figure 2(3) . This shift appeared possibly because they used data only from permanent stations of the Japan Meteorological Agency (JMA), which are spaced about 50 km apart. We could recognize clear hypocenter alignments by determining the very precise hypocenters determined by the dense network, contributing to accurate estimation of the fault plane.
(2) Relation between mainshock generation and velocity structure
As described in Section 4, the mainshock fault plane (denoted by arrows A) corresponds to a relatively low-velocity region sandwiched between high-velocity regions H2 and H3. We detected a low-velocity region L2' with a small southern dip, spreading at the bottom of hypocenter alignment A, at depths of 6-8 km [ Figure 2(4) ]. Inamori et al. [1992] found an S wave reflection plane dipping to the south at depths of 8-14 km beneath the mainshock fault and suggested the existence of fluid through discussion of the amplitudes of the reflection phases. This reflection plane is located in and above the low-velocity region L2' and is thought to be produced by the impedance contrast of its boundary. The region L2' may be considered to be filled with fluids.
It is considered possible that region L2' is related to mainshock generation. Fluids might leak into the mainshock fault zone at the bottom. The fault zone generally contains many cracks 9) , allowing the fluids to intrude. The fluids pouring into the fault zone increase the pore pressure and decrease the effective normal stress. found a low-resistivity region at a depth of 2 km that continues till a depth of 10 km. This low-resistivity region almost corresponds to low-velocity regions L1 and L2. Fluids originating in the mantle were found in hot springs 11) , and surface uplift is observed in the swarm activity region 12) , where we detected low-velocity region L1. This suggests that L1 corresponds to the fluid path through which it rises upward from the mantle and is accumulated at depths of 1-2 km. This is supported by the fact that deep low-frequency events occur at depths of 15-30 km just beneath the study area, which are considered to be generated by fluid movement 13) . In the swarm activity region, some of the hypocenter alignments (C1 and C2) and velocity layers (H1a and H1b) are sub-parallel to each other, suggesting that those hypocenters are located at the boundaries of geological strata [ Figure 2(4) ]. Low-velocity region L1 is located at the lower limit of hypocenter distributions C1 and C2. This fact implies that fluids may pour into the boundaries of geological strata, generating these earthquakes of reverse fault type 2) .
Conclusions
We conducted three-dimensional travel time tomography in and around the source region of the 1984 Western Nagano Earthquake using about 250,000 highly accurate picks (errors less than 1 ms) from a dense network (station spacing 1-4 km). We obtained very accurate hypocenter distributions and detailed three-dimensional velocity structure at depths of 0-6 km with high resolutions and found: i) Most of the hypocenters were aligned in lines or planes, not in the form of masses, even in the swarm activity region. ii) We found hypocenter alignments corresponding to the mainshock fault. These alignments have a dip and strike similar to those in the fault zone 1) , but are located 1-2 km southward. The mainshock fault zone corresponds to the narrow, relatively low-velocity zone horizontally sandwiched between two high-velocity regions. A low-velocity region is found at the lower limit of the hypocentral distribution of the mainshock fault. iii) We found several hypocentral alignments with smaller dips than the mainshock fault in the swarm activity region. We also detected a broad low-velocity region at a depth of 2 km that comes upward from a depth of at least 6 km. Based on the results from earlier studies it can be said that this low-velocity region is formed by fluids from the mantle, and located at the lower limit of these hypocenter distributions. iv) Both the mainshock and the swarm activity may be induced by fluid intrusions into high-velocity regions from the lower limit of the hypocentral distributions. 
